A combination of experimental and computational evaluations of disorder level and lattice swelling in ion-irradiated materials is presented. Information obtained from X-ray diffraction experiments is compared to X-ray diffraction data generated using atomic-scale simulations. The proposed methodology, which can be applied to a wide range of crystalline materials, is used to study the amorphization process in irradiated SiC. Results show that this process can be divided into two steps. In the first step, point defects and small defect clusters are produced and generate both large lattice swelling and high elastic energy. In the second step, enhanced coalescence of defects and defect clusters occurs to limit this increase in energy, which rapidly leads to complete amorphization.
I. Introduction
Ion beams are currently used in many fields of materials science and engineering. Two examples are particularly illustrative of their high usefulness: (i) ion implantation, which is a technique that has become an attractive method of controlled doping in many materials, especially in semiconductors [1] ; (ii) ion irradiation, which is used as a tool to simulate various radiation environments such as those encountered in nuclear power plants [2] . However, interaction of energetic charged particles with solids has also detrimental effects, the most prejudicial being certainly, in covalent and ionic crystalline solids, the formation of high concentrations of point defects. Two major consequences are atomic disordering, i.e. the loss of long-range and/or short-range order, and swelling of the crystalline structure, both of which affect the physical properties of the material and can lead to loss of structural integrity. Determining the correlation between irradiation-induced defects, atomic disorder and swelling is therefore a topic of utmost importance.
Radiation damage in silicon carbide (SiC), a material envisaged for instance for broad nuclear applications [3] and semiconductor devices [4] , has been well studied over the past decades.
Indeed, this material exhibits a crystalline-to-amorphous transition, which is accompanied by significant volumetric swelling, under neutron and ion irradiation in the regime where nuclear (i.e. elastic) energy-loss is predominant (see e.g. [3, [5] [6] and references therein). In this regime, both primary knock-on atoms (PKAs) produced by fast neutrons and incident ions collide with target nuclei, potentially leading to their permanent displacement through direct collisions or via collision cascades [7] . In some materials (e.g. pyrochlores), collision cascades produce point defects only [8] , but their accumulation can lead to crystalline-to-crystalline phase transition [9] and even to complete amorphization [9, 10] . In several other materials, single collision cascades can produce direct impact amorphization that leads to a complete amorphization by percolation [11] .
Depending on the irradiation conditions and on the material, different models of damage accumulation can be used [12] . In the particular case of the amorphization kinetics in SiC, the 'Direct-Impact/Defect-Stimulated' model is the most employed [6, [13] [14] [15] [16] [17] . In this model, it is considered that the damage parameter p that is used to describe the irradiation damage consists of contributions from both amorphized and damaged-crystalline regions according to the relationship:
where pa is the amorphous contribution and pc is that of defective (containing point defects and small defect clusters) but still crystalline regions. In this description, pa is defined as:
where  is the irradiation fluence (or the equivalent dose in dpa). a is the cross-section for direct amorphization, which gives the probability for an amorphous pocket or nucleation site to form inside a single collision cascade, and s is the cross-section for defect-stimulated amorphization, which accounts for the accelerated formation of amorphous clusters presumably due to the presence of defective crystalline regions. pc is usually reproduced by a simple defect accumulation model, weighted by (1-pa) [12] :
with pc sat is the saturation value for the defect-induced disorder, and B is an effective recombination volume for the defects giving rise to pc.
The stimulation of the amorphization process in ion-irradiated SiC has long been observed [6, [13] [14] [15] [16] [17] . Recently, molecular dynamics (MD) simulations of multiple Si cascades in SiC suggested that this stimulation process is ascribed to an enhanced defect clustering that provides a pathway to lower the energy of the defective SiC lattice [18] . Although in this study the stimulation process was shown to be strongly related to irradiation-induced swelling, the driving force for it to take place remains unclear. In addition, no experiment has been so far undertaken to validate these predictions. The present paper addresses these issues by combining atomic-level simulations with experimental measurements to correlate atomic disorder, lattice swelling and system energy in ion-irradiated SiC. For this purpose, a methodology is proposed where experimental X-ray diffraction (XRD) patterns and XRD patterns generated using MD calculation cells are similarly processed (yet adapting the theory to the situation), therefore allowing for direct quantitative comparison.
II. Experimental and computational details

II.1. Experiments
In this work, (001)-oriented 3C-SiC single crystals were irradiated with 100 keV Fe + ions at room temperature in the 4x10 13 -4x10 14 cm -2 fluence range [6] , which corresponds to damage doses of 0.07 to 0.7 displacements per atom (dpa) at the damage peak, as determined with SRIM calculations [19] using the recommended threshold displacement energies of 20 eV and 35 eV for the C and Si sublattices, respectively [20] [21] . The weighted average recoil spectra [22] were calculated from the SRIM data. These plots allow determining the PKA energy T1/2 for which half of the defects are created by recoils with a greater energy, and half of the defects are produced by recoils with an energy lesser (than T1/2). This characteristic energy provides a reasonable way to compare different irradiation conditions in the nuclear energy-loss regime [22] . Values of ~3.7 keV and ~4.6 keV were found for Si and C PKAs, respectively. High-resolution X-ray diffraction (HRXRD) experiments were carried out at the BM02 beamline of the European Synchrotron Radiation Facility (ESRF, Grenoble, France). The wavelength of the X-ray beam was 0.148787 nm, and the beam divergence, estimated from the peak width of an unirradiated crystal, was ~0.01°.
Longitudinal -2 scans were recorded around the (004) reflection of SiC over a range wide enough to include the scattering from the irradiated region, as illustrated in Fig. 1 (thick lines) . The (004) reflection was chosen because it provides the best compromise between scattered intensity and resolution. The experimental curves were simulated (see thin solid lines in Fig. 1 ) with a procedure that allows the determination of both the lattice strain (homogeneous lattice displacements) and lattice disorder (random atomic displacements) depth profiles in the irradiated region [23, 24] . The corresponding strain profiles are provided in the inset of Fig. 1 . Hereinafter, only strain and disorder values at the damage peak (i.e. ~30 nm) are discussed. This region is expected to be the most relevant because surface effects and influence of the interface with the pristine crystal are expected to be limited.
II.2. Computer simulations of collision cascades (CC)
MD calculations were performed to simulate collision cascades (CC) induced by 10 keV Si recoils in SiC; cascade overlapping was computed to reproduce damage accumulation up to complete amorphization. The corresponding computational methods were described previously [25] . In that work, calculations were conducted at 200 K. The number of atoms (40 000) contained in the simulation cell was kept constant, but the simulation cell was allowed to expand or shrink along the three directions. In contrast, materials actually irradiated with low energy ions are similar to thin layers fixed on a thick unirradiated crystal (comparable to a substrate) and consequently no in-plane dimensional change is possible [26] [27] [28] . For this reason, additional MD calculations have been conducted using simulation cells where in-plane dimensional change was forbidden, see below sect. II.3.
II.3. Frenkel pair accumulation (FPA) simulations
The purpose of the Frenkel pair accumulation calculations was to simulate the amorphization process in SiC considering a crystal (or a cell) where only the out-of-plane direction was free to accommodate the radiation damage, as it is the case in actual experiments. The FPA method was employed because it is much less time-consuming than CC simulations, and it has been proven to nicely mimic amorphization processes in SiC [29] and in pyrochlores [30] . Briefly, this methodology consists in continuously creating Frenkel pairs in the framework of molecular dynamics calculations [31] . To do so, a silicon atom or a carbon atom is randomly selected and displaced in the super-cell. Calculations are performed at room temperature. The dimensions of the basal planes of the super-cell were kept constant in the present study, inducing the development of in-plane stresses, while the c-axis was stress-free. Note that contrary to the study reported in [29] where only C defects were introduced to reproduce amorphization upon lowenergy electron irradiation, in the present work, both C and Si Frenkel pairs were generated, which is more representative of the actual disordering process and kinetics occurring during ion irradiation.
II.4. Methodology for the data processing
The aim of the methodology presented here is to propose an original way to process experimental and computational data for a direct and reliable comparison. For this purpose, the same physical signal was used, which is in the present case an XRD signal; this approach allows avoiding biases that are usually inevitable when using different techniques or methodologies.
More precisely, XRD measurements were performed and the corresponding data were compared to atomic-scale information converted into a predicted (XRD) experimental signal. The word "predicted" is here highly important, because it indicates that the methodology does not rely on a specific defect model. It does not serve the purpose to reproduce a set of experimental data, but on the contrary experiments and simulations are carried out separately and the data are then similarly processed. In addition, it provides quantitative results, on both disorder and strain, over a large dose range. For these reasons, it is different from the innovative approach implemented by Nordlund et al. who computed diffuse scattering intensity to fit experimental grazing-incidence X-ray scattering signal and obtained the size of the stacking faults formed in implanted Si [32] . It also differs from the original work carried out by Li et al in titanate pyrochlore where irradiationinduced swelling determined by XRD was ascribed to cation antisite defect formation thanks to MD calculations of the relaxation volumes of different types of defects [33] .
In the present work, to determine disorder and lattice swelling, XRD patterns have been obtained experimentally or generated from the simulation cells. In the former case, the dynamical theory of diffraction was required to rigorously take into account specific scattering effects such as multiple diffraction and extinction which occur in these systems, contrarily to powder, polycrystalline or nanostructured materials. The curves were then, as mentioned in sect. II.1., fitted using the procedure described in [23, 24] . In the latter case, the kinematical theory was sufficient due to the nanoscopic structure of the simulation cells. The pair distribution functions (pdf) were computed from the calculated structures and the XRD patterns were obtained by a Fourier transform of these calculated pdf. Then, peaks corresponding to the (004) reflection were fitted with a pseudo-Voigt function that allows to precisely obtain peak integrated-intensity and position. Hence, the theory was adapted to the nature of the object giving rise to the XRD signal.
However, and this is worth emphasizing, in both cases, the disorder and the strain were obtained using the same procedure. Disorder was derived from the evaluation of peak intensity lowering through the so-called static Debye-Waller factor [23, 24] . This evaluation does not require the usual assumption of normally distributed atomic displacements, which is probably not justified within collision cascades. The lattice swelling was straightforwardly derived from the peak shift using the derivative of Bragg's law.
III. Results and discussion
III.1. Disordering kinetics
As a preamble to this section, it appears necessary to explain how defects are defined and labelled in the following. Based on previous works of MD calculations of collision cascades in SiC [25, [34] [35] [36] , small defect cluster refers to an aggregate of a few (typically 3-4) atoms, while a much larger cluster can be considered as amorphous (based on the criterion of total pair correlation function) when it contains a few tens (typically at least 30) of atoms.
The disordering kinetics derived from XRD measurements was compared to those obtained from the two simulation methods (Fig.2) . The three curves appear to be different but this is not surprising as dose rates, temperature effects and method to create disorder are not exactly identical. For instance, with the FPA technique, even though calculations are performed at 300 K, thermal diffusion is prohibited on MD timescales due to the very high migration energies of the defects [34] . The CC calculations were performed at 200 K, preventing long-range defect migration and recombination, and the dose rate was much smaller than in the FPA method. Nevertheless, the most important finding that Fig. 2 points out is that the three disorder accumulation curves exhibit similar features: a rapid increase in the disorder level is observed in the early stage of irradiation, followed by a saturation level at full disorder (i.e. ~100%) that indicates complete amorphization. Therefore, it may be reasonably assumed that the observed discrepancies do not hamper data comparison, providing that a rescaling factor is applied because full amorphization is not reached at the same dpa level for the three cases. The following values were used: 1.15 for FPA, 1.6 for CC and 1 for XRD experiments. The three curves can be fitted with the disorder model above-described (see Eqs. (1-3) ). Prior to analysis of the fitting results, it shall be given a few words about how the defect-size distribution depends, in SiC, on both the energy and mass of the PKA.
Previous MD results showed that only very small defect clusters (containing typically a few atoms) are produced in collision cascades created by Si recoils in the keV range [25] ; increasing the energy up to 50 keV does not change the defect spectrum since subcascades develop because the maximum stopping power (Sn) of Si in SiC is around 12 keV [35] . This is not the case with heavier recoils, such as 10 keV Au ions which can produce amorphous clusters directly inside a collision cascade [36] . Note that in the present study, T1/2 for Si and C recoils during 100 keV Fe irradiation is ~4 keV, a value very close to the 10 keV energy used for the Si PKA in the CC calculations; also, the maximum nuclear stopping of Fe (whose mass is close to that of Si) in SiC is ~35-40 keV.
Therefore, from these previous MD results, no direct amorphization is expected, which is indeed what model fits to data indicate since very small values of a are obtained (see Table I ). On the contrary, high values of s are observed, indicating, in the framework of the model used here, that amorphization is stimulated. In Fig. 2 are also displayed, for the XRD data, the two contributions to the disorder, namely the amorphous fraction (pa -dashed line in Fig.2 ) and the defective fraction (pc -dash-dotted line in Fig.2 ). It appears that the former starts to exceed the latter at a dose of ~0.1 dpa. In other words, amorphous regions do form in an appreciable proportion above this dose. This result is consistent with previous MD simulations that clearly showed an increase in size of the defect clusters with increasing dose [25, 37] . Yet, both the present FPA analysis and two previous ones, where amorphization of SiC was rendered by accumulation of C displacements only [29, 38] , indicate that the formation of point defects alone is sufficient to drive the SiC lattice to full amorphization. Therefore, the fact that pa becomes significant and exceeds pc from 0.1 dpa necessarily indicates that point defects start to clustering. Moreover, the rapidly growing contribution of pa strongly suggests that defect clustering is promoted or stimulated. The origin of this stimulation process is addressed in the following. Before that, it is worth mentioning that these results confirm that amorphization in SiC is a homogeneous process consisting in the formation of point defect clusters that grow, thus acting as nuclei for amorphous domains that rapidly expand and eventually lead to the loss of the long-range order.
III.2. Lattice swelling
XRD patterns generated from the simulation cells (both FPA and CC) to obtain the disorder levels have been used to determine the lattice swelling, i.e. the relative microscopic volume change. Lattice swelling, which necessarily originates from defective (crystalline) regions only, is related to the relaxation volume of the defects and is directly linked to the lattice strain experimentally measured using XRD [39] (note that it may significantly differ from the macroscopic swelling, which is usually obtained via step-height measurements, since this latter is related to the formation volume of the defects). For the CC simulations, an isotropic state of strain was defined and the lattice swelling is directly three times the lattice strain. In the FPA analysis and for the experiments, no in-plane dimensional change is possible and the (anisotropic) lattice strain measured in the out-of-plane direction was first converted into an isotropic strain using a mechanical (elastic) approach that has proven to be relevant in such a situation [27] [28] . Note that in this model, elastic constants of the material are required. Two sets of values were used: one derived from the potential used to perform the FPA calculations and another that is an average of experimental values reported in the literature (see [40, 41] and references therein). It is worth mentioning that the CC calculations predicted a mechanical softening due to the formation of irradiation defects [42] . However, in order to calculate the isotropic strain, only the ratio of 2C12/C11 is required (for a (100)-oriented cubic crystal), and this ratio only very weakly changes with irradiation dose [42] . The relevance of such a procedure was tested by comparing the inplane stress that necessarily develops when no in-plane dimensional change is allowed [27] [28] .
The stress, compressive since the defect-induced strain is tensile, was found to be -7.5 GPa at 0.1 dpa (i.e. before the stimulation process starts) with both the mechanical model used for the experimental results and the analysis of the FPA data. This perfect agreement validates not only the mechanical model but also the procedure of comparing the swelling obtained from the three different methods. Figure 3 displays the results of the lattice swelling as a function of the dose. For the entire dose range, and for the three methods, the swelling almost linearly increases with dose. The reason for this finding is that in the present analysis of the lattice swelling, only the crystalline (defective) regions, i.e. those which contribute to the XRD peak shift, are considered; the amorphous zones are not taken into account. Therefore, until nearly complete amorphization, the lattice swelling seems to be proportional to the density of introduced defects. Up to a dose of ~0.15 dpa, computational values lie in the error bar of the experimental ones (error bars have been estimated considering the precision of both the measure and the XRD fitting procedure and the uncertainty associated to elastic constants). This result thus shows a reasonable agreement between simulations and experiments up to a dose very close to the end of the amorphization process since, as observed in Fig. 2 , the disorder at 0.15 dpa reaches more than 80%. Above this dose, the curves start to separate, and MD predicted values are found to be lower than experimental ones. This discrepancy can be ascribed (i) to a known limitation of the interatomic potential that, as the atomic distances deviate significantly from the perfect crystal, under-predicts the experimentally measured swelling of the amorphous state by about 2 volume % [35] , and (ii) to the small number of atoms remaining in the residual crystalline parts of the simulation cells at high irradiation dose. Despite this difference occurring close to the fully amorphous state, the maximum swelling is finally found to be very comparable in magnitude for the three methods, ranging between 4 and 5.5%. This result proves that the MD predictions are valid regarding the relation between atomic-scale crystalline defects and lattice swelling in ion-irradiated SiC. To finish, for the particular case of CC simulations, the maximum lattice swelling is found to be ~5%.
In another analysis of the CC simulation data, the total cell swelling was determined and modeled considering that it consists of two contributions: one arising from amorphous regions, and one due to crystalline, defective zones. The maximum contribution to total swelling induced by defective regions only was estimated [37] . A ~6% value was found, in good agreement with the ~5% value here obtained, which suggests the validity of both the CC calculations and of the procedure in generating XRD patterns from MD cells.
III.3. Defect energy
Now that the link between irradiation defects and swelling is established, the relation between defects (or disorder) and energy should be determined. Such a link has already been established in a previous treatment of the CC simulation data, and a decrease in energy per defect at ~0.1 dpa was determined [18] . In the present work, focus is put on the results obtained by the FPA method, as illustrated in Figure 4 , which presents the energy per atom as a function of the dose (symbols). It is observed that there is a rapid and strong energetic destabilization up to 0.1 dpa. Above this dose, where defect clustering leading to formation of amorphous domains starts, the increase in energy is significantly less and slows down. Therefore, the two regimes evidenced in the disordering process are also observed for the variation of the system energy. This observation is in fairly good agreement, even quantitatively, with recent results obtained by MD simulations of C Frenkel pair accumulation in SiC [29] . In order to fit the data of Fig. 4 , the disorder model (Eqs. (1-3) ) was used with the very same parameters already obtained from the fitting of the disordering kinetics derived from the FPA calculations; in particular, the same amorphization cross-sections, a and s, were used (see Table I ). The corresponding curve (solid line in Fig.4) reproduces the computational data, which confirms that disorder and system energy are closely linked. The contribution of defective crystalline regions to the system destabilization was then calculated (dashed line). It clearly appears to be high and preponderant up to a dose of ~0.1 dpa which in fact corresponds to the regime where essentially point defects and very small defect clusters are produced. Therefore, it can be inferred that accumulation of point defects drives the material to a very energetically unstable state and then, a small perturbation, typically a local increase in defect density, triggers the defect clustering and the consequential rapid expansion of amorphous domains. In other words, the stimulation process occurs to minimize the elastic energy by allowing a defect relaxation when defect clusters grow. Very recently, amorphization of SiC was proposed to be driven by a defect-induced mechanical instability related to the collapse of the (fcc) Si sublattice when the C sublattice is completely disordered. Results obtained in the present work confirm that this instability is indeed mechanical and is related to elastic energy stored into both C and Si defective sublattices when disorder is accumulated. To finish, it is worth mentioning that, even though the lattice swelling is found to be keeping on increasing above 0.15 dpa (see Fig.3 ), it has little effect on the system energy. This is because in the present analysis of the swelling, the crystalline regions only are considered, and with increasing dose, their volume decreases; in other words, the number of defects that are in amorphous zones increases, and the resulting average cost per defect diminishes, as observed in Fig.4 .
IV. Conclusion
To summarize, this study presents a methodology that is based on the same data processing of experimental XRD patterns and XRD patterns generated from MD calculations, in the purpose of evaluating disorder level and lattice swelling in irradiated materials over a large dose range. This methodology, which could be applied to various materials under different irradiation conditions, is here successfully used to study the amorphization process in SiC in the nuclear energy-loss regime. Agreement is obtained between experiments and simulations regarding irradiation-induced disordering and swelling, proving that simulations do reproduce actual atomicscale processes that occur in irradiated SiC. The interplay between irradiation defects, lattice swelling and defect energy was demonstrated. This allowed showing that amorphization of SiC is a two-step process. In the first step, only point defects or very small defect clusters are produced and they induce a huge lattice swelling, thus a huge elastic energy. In the second step, defect clusters relax towards amorphous domains, and the contribution of defective, highly strained
Table caption
Cross-section values of direct (a) and stimulated (s) amorphization obtained from the fitting of FPA and CC computational data and of experimental XRD data presented in Fig.2 
